asphyxia (2.7 [1.5-4.9] ), and peri-or intraventricular hemorrhage (3.2 [1.4-7.7] ). no direct effect of preeclampsia at term was observed for anemia or cardiomyopathy. Our results appear robust in the presence of moderate confounding, and restriction to severe preeclampsia yielded similar findings. Conclusion: Preeclampsia was directly associated with adverse neonatal outcomes beyond morbidity mediated by preterm birth. although severe neonatal outcomes were less common at later gestational ages, marginal structural models suggested elevated neonatal risk due to preeclampsia even if it was possible to deliver all infants at term.
(Epidemiology 2015; 26: 17-26) P reeclampsia is a common hypertensive disorder of pregnancy characterized by a new onset of hypertension after the 20th week of pregnancy, typically with accompanying proteinuria. 1 Mechanistically, the hallmark of preeclampsia is an increase in antiangiogenic factors. 2, 3 the placental changes associated with these antiangiogenic factors are thought to affect vascularization, which may, in turn, have an adverse impact on newborns independent of preterm delivery. 4 For example, soluble fms-like tyrosine kinase-1 (sFlt-1) and soluble endoglin (seng) are antiangiogenic compounds secreted by the placenta that are elevated in preeclampsia even before disease onset. 5 the interference of these compounds with placental growth factor and vascular endothelial growth factor (VegF) likely underlie the observed endothelial cell dysfunction and alterations in vascular development associated with preeclampsia 5 and may also directly affect neonatal health through these pathways. therefore, it is plausible that preeclampsia has a direct effect on neonatal outcomes. However, to estimate the direct effect of preeclampsia on neonatal morbidity, analyses need to take into account the fact that women with preeclampsia have an increased risk of preterm birth, which is itself associated with increased neonatal morbidity. this risk may also be related to disease severity because delivery is the only way to stop the progression of preeclampsia and preterm birth may be indicated to protect the health of the mother or to prevent stillbirth. 6 in fact, more than 20% of medically indicated preterm births are associated with preeclampsia. 7 Others have attempted to resolve the methodological issue of mediation copyright by prematurity by restricting their analyses to preterm infant subgroups, as such "controlling" or "adjusting" for the effect of preterm delivery. 8, 9 However, these methods for mediation analysis can lead to biased estimates when there are confounders of the preterm birth-outcome association that are also influenced by preeclampsia, such as placental abruption and cesarean delivery, and when there is a potential interaction between preeclampsia and preterm birth. 10 For example, preeclampsia appears to increase the risk for cerebral palsy, [11] [12] [13] and a direct effect of preeclampsia, not mediated by preterm birth, has been suggested. 12, 14 this direct effect is conceivable, given that preeclampsia might contribute to vascular changes in the developing brain. However, the controlled direct effects of preeclampsia on other neonatal health outcomes have not been previously estimated-an important data gap, given the broad vascular impact of preeclampsia on fetal development.
We used marginal structural models in a large, contemporary cohort of US deliveries to estimate the controlled direct effect 15 of preeclampsia on neonatal outcomes under a hypothesized intervention that assumes it is possible to deliver all infants at term.
METHODS
the consortium on Safe labor (2002-2008) was a retrospective cohort with 12 clinical centers (19 hospitals) across 9 american college of Obstetricians and gynecologists U.S. districts. 16 Detailed information was obtained from maternal electronic medical records on the following: maternal demographic characteristics; medical, reproductive, and prenatal history; and labor and delivery summaries. international classification of Diseases, version 9 (icD-9) maternal discharge diagnosis codes were recorded for each pregnancy. Maternal records were linked to newborn electronic medical records, which included details of neonatal intensive care (nicU) admissions, as well as icD-9 discharge codes for the infants. a total of 228,562 deliveries ≥23 weeks of gestation with 233,736 newborns were included in the main study. the majority (87%) of the cohort delivered during 2005-2007. institutional review board approval was obtained by all participating institutions.
We excluded all multifetal pregnancies (n = 5,050) because the majority of these pregnancies deliver preterm, and the relation between preeclampsia and preterm birth is likely different than among singletons. We also excluded singleton pregnancies in which the mother had chronic hypertension (n = 4,366), superimposed preeclampsia (n = 1,893), gestational hypertension (n = 6,080), eclampsia (n = 240), and suspected eclampsia (mothers with seizures and hypertension; n = 28) to clarify our assessment of the relation between neonatal health and preeclampsia given that the concentration of antiangiogenic factors is likely different in women with preeclampsia compared with women with other hypertensive disorders of pregnancy. Finally, women with missing data on maternal age (n = 295) were also excluded, resulting in an analytic sample of 210,610 singleton pregnancies among 192,957 women. Most women (175,589, 91%) contributed only 1 pregnancy.
Preeclampsia was ascertained using both the maternal medical records and discharge summaries. Best obstetrical estimate of gestational age was obtained from the medical records. neonatal complications studied included perinatal mortality ≥23 weeks of gestation (defined as antepartum fetal deaths, intrapartum deaths, and neonatal deaths within the first week of life), small for gestational age (Sga) infants (lowest 10% of birth weight for age and sex), 17 nicU admission, respiratory distress syndrome, transient tachypnea of the newborn, anemia, apnea, asphyxia, peri-or intraventricular hemorrhage, and cardiomyopathy. Demographic characteristics of women with and without preeclampsia and prevalence of neonatal complications were tabulated using contingency tables. We performed no statistical comparisons for differences in demographic, clinical, or medical history variables or for crude outcome prevalence.
total effects of preeclampsia on neonatal outcomes among all infants were estimated using logistic regression with generalized estimating equations. We adjusted analyses for study site, maternal age, maternal race/ethnicity, insurance status, marital status, parity, prepregnancy body mass index (BMi), and chronic diseases during pregnancy (asthma, thyroid disease, diabetes, depression and heart, renal or gastrointestinal disease). Singleton pregnancy was the unit of analysis for all statistical testing, and an autoregressive correlation matrix was used to account for correlation between pregnancies of the same woman. neonates with missing outcome data were excluded from the analyses of the outcome in question (eg, 1 study site did not report infant apnea), but not from other analyses.
Marginal structure models with stabilized inverse probability weights were applied to estimate controlled direct effects of preeclampsia on neonatal complications, not mediated by preterm delivery. 15 We used weighted logistic regression with generalized estimating equations to estimate the parameters of the marginal structure models and the controlled direct effect of preeclampsia on neonatal outcomes. the controlled direct effects conceive of hypothetical interventions on the mediator (here, preterm birth) that change its value so that controlled direct effects can be conceptualized with fixed values of the mediator (eg, delivery at term defined as ≥37 weeks of gestation). We estimated the controlled direct effects of preeclampsia for a hypothetical intervention where all infants were delivered at term. the controlled direct effect of preeclampsia was modeled as a function of preeclampsia (a), preterm birth (m), and the interaction between preeclampsia and preterm birth, as follows:
dichotomous preeclampsia status and 1 for the categories of preterm status. 15, [18] [19] [20] the weights were multiplied together to form a single weight for each mother-infant pair, and weights at the 1st and 99th percentile were truncated. the preeclampsia weight models included hypothesized confounders of the preeclampsia-neonatal outcome and preeclampsia-preterm birth associations (eg, study site, maternal age, maternal race/ ethnicity, insurance status, marital status, parity, prepregnancy BMi, and chronic diseases during pregnancy; Figure, factors included in "X") and hypothesized confounders of the preterm birth-neonatal outcome association (including pregnancy complications such as chorioamnionitis and placenta previa, maternal and fetal indications for delivery [including oligoand polyhydramnios, active herpes, HiV and unspecified reasons], and major fetal anomalies; Figure, factors included in "Z"). the preterm weight models additionally included confounders of the preterm birth-neonatal outcome association that can be influenced by the presence of preeclampsia (such as cesarean delivery, placental abruption, and fetal compromise/distress; Figure, factors included in "W"), where risk of the confounder is increased by the presence of preeclampsia, as well as macrosomia, which is likely to be decreased given the relationship of preeclampsia and fetal growth restriction. 6 We note that the Figure is relatively simplistic, given the complex relationships that exist for specific outcomes related to timing of delivery, but it serves to illustrate the assumptions behind our modeling approach. inverse probability weighting is used to consistently estimate the parameters of the marginal structure model under the assumptions of positivity (assumes that data are available in all conditions), no unmeasured confounding, and correct model specification. 15, [18] [19] [20] the mean of the stabilized weights for the models was 1.00 (range = 0.04-4.61).
to assess the effect of a possible unmeasured confounding factor (such as maternal infection) of the preterm birthneonatal outcomes (mediator-outcome) pathway on estimates of direct effects, we performed a sensitivity analysis for direct effects under a range of potential bias conditions. 21, 22 Maternal infection was considered a potential unmeasured confounder because neonatal morbidity and preterm birth may both be affected by infection, and (with the exception of chorioaminionitis) infection data were not available in this study. in the sensitivity analyses, we allowed the prevalence of the binary unmeasured confounder to vary between 1% and 99% among normotensive term and preterm pregnancies, and the relationship between the unmeasured binary confounder and the outcome of interest to vary between odds of 2.0 and 10.0. We additionally estimated the constant effect size of the unmeasured confounder required to completely explain away the observed direct effect of preeclampsia (ie, leading to direct effects odds ratio [Or] = 1.0). these analyses were performed for the outcomes with the largest and smallest observed direct effects to cover the range of associations observed in this study. 21, 22 as timing of diagnosis was not available and we recognize there are likely to be differences in antiangiogenic factors in early versus late onset preeclampsia, 23 we repeated our analyses restricting data to normotensive women and to women with severe preeclampsia. this analysis was intended to assess whether our findings were robust when considering severe preeclampsia cases that were most likely to deliver preterm (eFigure; http://links.lww.com/eDe/a854) and potentially have greater neonatal health impact.
all results are presented as Ors with 95% confidence intervals (cis). SaS version 9.3 (SaS institute inc., cary, nc) was used in all analyses.
RESULTS
characteristics of normotensive and preeclamptic mothers are described in table 1. Mean maternal age was 27.5 (standard deviation = 6.1) in normotensive women and 27.1 (6.7) in women with preeclampsia. as anticipated, preterm birth <37 weeks was substantially higher in pregnancies complicated by preeclampsia (34%) compared with normotensive pregnancies (10%). the crude prevalence of adverse neonatal outcomes (table 2) was generally higher for preterm infants among both normotensive and preeclamptic pregnancies.
all adverse neonatal outcomes studied were associated with preeclampsia in adjusted total effects regression models (table 3) . When considering direct effects, we observed that preeclampsia remained associated with an approximately 2-fold increased odds of perinatal mortality, Sga, nicU admission, and apnea; a more than 2.5-fold increased odds FIGURE. Potential confounders of the preeclampsia-preterm birth (<37 weeks)-neonatal health relationship included in the calculation of weights for the marginal structural model. X represents confounders of the preeclampsia-neonatal outcome association and preeclampsia-preterm birth association: study site, maternal age, race/ethnicity, insurance status, marital status, prepregnancy body mass index, parity, and maternal chronic diseases. W represents confounders of the preterm birth-neonatal outcome association that are affected by prior exposure to preeclampsia: fetal macrosomia, fetal distress/ compromise, placental abruption, and cesarean delivery. Z represents confounders of the preterm birth-neonatal outcome association not included in X: chorioamnionitis, placenta previa, major fetal anomaly, maternal HIV positivity, maternal genital herpes, oligo- and polyhydramnios, other maternal or fetal reasons for delivery. U represents an unmeasured confounder.
of respiratory distress syndrome and asphyxia; and a 3-fold increased odds of peri-or intraventricular hemorrhage. transient tachypnea of the newborn was also increased 1.6-fold at term. the evidence for a direct effect of preeclampsia at term was less clear for neonatal anemia (Or = 1.5; 95% ci = 1.0-2.4) and cardiomyopathy (Or=2.1; 95% ci: 0.6-7.4).
Our sensitivity analysis across the range of direct effects demonstrated that the controlled direct effects we observed were generally robust in the presence of a moderate to strong binary confounder (table 4) . For example, when the unmeasured confounder was present in 1% of normotensive and 5% of preeclamptic pregnancies, the estimated direct effect of preeclampsia ranged from 2.4 to 3.1 for peri-or intraventricular hemorrhage, as compared with 3.2 in our main models, across a range of confounder-outcome associations from an Or of 2.0 to 10.0. in the same example, when the confounder prevalence is higher (20% for normotension, 40% for preeclampsia), the bias corrected odds are lower, ranging from 2.7 to 2.0. We additionally calculated the prevalence and strength of an unmeasured confounder needed to eliminate the direct effect we observed for peri-or intraventricular hemorrhage (Or = 3.2) and transient tachypnea of newborn (Or = 1.6), the largest and smallest effects we report. the observed direct effect would be explained by an unmeasured confounder only in scenarios such as when the confounder was rare (prevalence ≤5%) but had a very strong effect on the outcome (Ors >17); when the confounder was rare among normotensive term pregnancies (≤5%) but prevalent among preeclamptic term pregnancies and had at least a moderate effect on the outcome; or if the confounder was prevalent among normotensive term pregnancies and rare among preeclamptic term pregnancies with a strong protective effect on the outcome. When the observed effects are stronger, the scenarios need to be more extreme. For example, our smallest observed effect (Or = 1.6 for transient tachypnea of newborn) could be explained if our hypothesized confounder, maternal infection, was present in 5% of normotensive pregnancies and 40% of pregnancies with preeclampsia with moderately strong odds (Or = ≥2.8). even in this potentially plausible scenario, pregnancies with preeclampsia would need to have an 8-fold increase in infection compared with normotensive pregnancies to account for the finding.
We also restricted the analyses to pregnancies complicated by severe preeclampsia (table 5) . generally, the controlled direct effect estimates of neonatal outcomes in the subset of severe preeclampsia with delivery set at term were somewhat stronger than in the full group that included mild preeclampsia, but with a notable loss of precision.
DISCUSSION
Our analyses suggest that preeclampsia was associated with many serious neonatal complications through pathways not mediated by preterm birth. Using marginal structure models to adjust for cesarean delivery and placental abruption (important confounding factors of the mediator outcome association that are affected by preeclampsia), as well as estimating the direct effect of preeclampsia, 24 uncovered novel associations that may be related to the underlying disease process. even in a hypothetical intervention in which all infants could have been delivered at term (≥37 weeks), there was substantial morbidity associated with preeclampsia, including an increased odds of perinatal mortality, Sga, nicU admission, and respiratory distress syndrome. We also observed increased odds at term for transient tachypnea of newborn, peri-or intraventricular hemorrhage, apnea, and asphyxia. interestingly, marginal structure models restricted to severe preeclampsia yielded similar results, suggesting that our findings were robust even among cases more likely to deliver preterm and to have more severe pathology. the total effect models include infants of all gestational ages and reflect the increased risk of preeclampsia on several neonatal outcomes due to preterm birth as well as preeclampsia itself. consequently, the total effect estimates were in general larger than the direct effects at term, which are independent of the preterm birth mediator. When we restricted the total effects model to preterm infants, ignoring the potential interaction between preterm birth and preeclampsia, we found the odds were attenuated. However, marginal structure models allowed us to estimate the direct effects, while considering potential interactions and factors that were consequences of preeclampsia that confound the preterm birth and neonatal the total effect odds of neonatal outcomes were estimated using logistic regression with generalized estimating equations. all analyses were adjusted for study site, maternal age, maternal race/ethnicity, insurance status, marital status, parity, prepregnancy body mass index and chronic diseases during pregnancy. b the controlled direct effect of preeclampsia not mediated by preterm was estimated using marginal structural models with inverse probability weights with delivery set at term (≥37 weeks). Ors were estimated using weighted logistic regression with generalized estimating equations. where B is the amount of bias necessary to render the association null (B = 3.21 and B = 1.57 for peri-or intraventricular hemorrhage and transient tachypnea of the newborn, respectively) and π 1m and π 0m are the prevalence of the unmeasured confounder in preeclamptic and normotensive term pregnancies, respectively. b the calculation results in odds <0 which are implausible. outcomes relationship, such as cesarean delivery and placental abruption. although the adverse outcomes we studied were more common at earlier gestational ages, significant risks associated with preeclampsia remained when delivery was set at term. theoretically, the marginal structure models provide us with a causal response to this hypothetical intervention, but we acknowledge the limitations of current methods and the necessary assumptions required for these analyses. although we pose a relevant intervention for an important clinical question, our results are subject to those limitations and need to be interpreted within that context. Prior studies of neonatal complications support pathways between preeclampsia and complications independent of preterm birth. this leaves the question-if not due to preterm delivery, how does preeclampsia impact neonatal morbidity? Possible mechanisms include a direct effect from placental transmission of antiangiogenic factors or a result of altered placental function due to an imbalance in maternal angiogenesis. alterations in maternal angiogenic factors such as sFlt-1, placental growth factor, and seng have been associated with maternal and neonatal complications, including nicU admission and preterm delivery, particularly for pregnancies presenting before 37 weeks. 25 Sga and nicU admission have also been reported to be increased in infants born to mothers with hypertensive pregnancies (gestational hypertension combined with preeclampsia) delivered between 35 and 37 weeks, 26 and at early term (37 weeks) nicU length of stay was also increased. Placental transmission of antiangiogenic factors in preeclampsia is not well understood. amniotic fluid levels of seng and sFlt-1 can be elevated in women with preeclampsia, as early as 17 weeks gestation, 27, 28 while other studies show no such difference. 29 in preeclampsia, sFlt-1 is elevated in fetal circulation, 28 suggesting that placental transmission occurs. in contrast, preeclampsia did not appear to have an important effect on VegF or sFlt-1 in cord blood of preterm newborns with respiratory distress syndrome or in tracheal aspirate fluid of infants with severe respiratory distress syndrome. 30 given that we do not have any biomarker data to address this issue directly, we note that our finding of increased risk for peri-or intraventricular hemorrhage at term is inconsistent with the notion of restricted fetal vascularization. a protective effect of preeclampsia in reducing cerebral hemorrhage has been seen in other cohorts and this issue warrants further investigation. 31, 32 a direct causal pathway for other morbidities examined such as apnea, transient tachypnea of the newborn, and asphyxia, is less clear and further investigation is necessary.
the strengths of this study include the large, clinically rich database that provided a wealth of information on many potential factors in the mediation pathway between preeclampsia, preterm birth, and neonatal health. the use of marginal structure models to estimate controlled direct effects in this study offers several important advantages over standard approaches. importantly, this approach accommodates potential interactions between preeclampsia and preterm birth, and accounted for confounders of the preterm birth and neonatal outcomes association that are affected by preeclampsia. in this situation, standard approaches are inadequate and controlled direct effects can be estimated using marginal structure models. 10, 15, 33 However, our analysis was restricted by the assumptions of marginal structure models. in particular, when estimating controlled direct effects, we hypothesized interventions to deliver at term with the notion that this intervention would minimize adverse neonatal outcomes. although intervention is theoretically possible, spontaneous preterm labor and delivery are not amenable to intervention, and clinical decision making and evaluation of individual cases would determine whether earlier or later delivery is appropriate-particularly because maternal health could be compromised and stillbirth risk could be increased by delaying delivery in some cases. 34, 35 although natural direct and indirect effects would likely be of more interest in this case, these effects are generally not identifiable when time-dependent confounding is present. 15 in addition, marginal structure models are based on several strong assumptions, such as no unmeasured confounding. However, we performed sensitivity analyses across a range of scenarios for unmeasured confounding to assess the robustness of the findings. although our sensitivity analyses identified scenarios where an unmeasured confounder in the preterm birth and neonatal outcome pathway could explain the observed association, most scenarios required either a very strong harmful or protective effect on the outcome by the confounder or a very high prevalence of the confounder among pregnant women. the assumption of positivity was also assessed by evaluating whether there was a positive probability of preeclampsia at each level of the confounders, and by evaluating the distribution of the weight models. the distribution of the weight models was not indicative of nonpositivity, and the results were robust to different model specifications for the weights, as well as the final marginal structure models. a limitation of the intrapartum medical records as a source of case ascertainment in our study is the lack of data on timing of preeclampsia diagnosis and lack of prenatal record data on proteinuria, blood pressure, or measurement of angiogenic factors. the large, clinically rich database provides a wealth of data on potential factors in the mediation pathway between preeclampsia, preterm birth, and neonatal health but not all data of interest are included in the hospital admission records. However, restricting the preeclampsia cases to those classified in the medical record as severe resulted in similar risks for infants hypothetically delivered at term. We also note that the sensitivity analyses we conducted assess the impact of a single unmeasured confounder (although multiple unmeasured confounders could be present) and use methods based on the situation where there is no mediator-outcome confounder that could be affected by prior exposure. considering these methods as the best available strategies to assess unmeasured confounding, we find that our results were generally robust in the presence of an unmeasured confounder within most exposure scenarios.
Preterm birth is a major risk factor in neonatal complications, and preeclampsia substantially increases the risk of preterm delivery. Our novel analysis investigated the effects of preeclampsia while accounting for the mediating effect of preterm birth. We found increased direct effects for many serious neonatal complications at term including perinatal mortality, respiratory distress syndrome, transient tachypnea of the newborn, peri-or intraventricular hemorrhage, apnea, and asphyxia. Findings were similar among cases of severe preeclampsia and appeared stable in the presence of a strong unmeasured confounder. applying marginal structure models to this important research question suggests that preeclampsia was associated with many serious neonatal complications through pathways not mediated by preterm birth, perhaps due to the antiangiogenic factors that are a hallmark of the disease. a hypothetical intervention where all infants were delivered at term did not protect against adverse neonatal outcomes associated with preeclampsia. this suggests further research on strategies to protect term infants from adverse effects related to preeclampsia is warranted.
